The antiapoptotic function of the interleukin-7 (IL-7) receptor is related to regulation of three members of the Bcl2 family: synthesis of Bcl2, phosphorylation of Bad, and cytosolic retention of Bax. Here we show that, in an IL-7-dependent murine T-cell line, different regions of the IL-7 receptor initiate the signal transduction pathways that regulate these proteins. Both Box1 and Y449 are required to signal Bcl2 synthesis and Bax cytosolic retention. This suggests a sequential model in which Jak1, which binds to Box1, is first activated and then phosphorylates Y449, leading to Bcl2 and Bax regulation, accounting for approximately 90% of the survival function. Phosphorylation of Bad required Box1 but not Y449, suggesting that Jak1 also initiates an additional signaling cascade that accounts for approximately 10% of the survival function. Stat5 was activated from the Y449 site but only partially accounted for the survival signal. Proliferation required both Y449 and Box1. Thymocyte development in vivo showed that deletion of Y449 eliminated 90% of ␣␤ T-cell development and completely eliminated ␥␦ T-cell development, whereas deleting Box 1 completely eliminated both ␣␤ and ␥␦ T-cell development. Thus the IL-7 receptor controls at least two distinct pathways, in addition to Stat5, that are required for cell survival.
Interleukin-7 (IL-7) plays an essential role in the development and maintenance of T lymphocytes. This requirement was first demonstrated by treating mice with anti-IL-7 antibodies, which severely interrupted development of T cells (4, 11) . Similar T-cell deficiencies were noted in mice with knockouts of IL-7 or of either of its two receptor chains, IL-7R␣ and -␥ c , or of Jak3, the kinase that is associated with IL-7R␥ c (5, 9, 18, 23, 26-28, 37, 41) . In humans, genetic defects in either IL-7R␣ (30, 31) , ␥ c (21) , or Jak3 (17, 32) produced a block in T-cell development and are a major cause of the severe combined immunodeficiency disease (SCID) phenotype. More recently, it was appreciated that the T cell also requires IL-7 after leaving the thymus for homeostatic survival and proliferation (33) .
The IL-7R␣ chain is shared with the receptor for TSLP, whereas the ␥ c chain is shared by the cytokine receptors for IL-2, IL-4, IL-9, IL-15, and IL-21. The IL-7R␣ chain belongs to the type I cytokine receptor family and is a membrane glycoprotein with a single 25-amino-acid (aa) transmembrane domain. The intracellular domain of 195 aa (39) does not have the features of a signaling kinase but includes potential docking sites for signaling molecules. One region is rich in acidic residues (A region), one region is rich in serine residues (S region), and a tyrosine (T) region contains three tyrosine residues, Tyr401, Tyr449, and Tyr456, which are conserved in evolution between the murine and human IL-7R␣ chains. In addition, proximal to the membrane, an 8-aa motif termed Box1 (20) is homologous within the type I cytokine receptor family and can bind the signaling kinase Jak1.
In previous studies, the activity of IL-7 on T cells was partly attributed to a survival or trophic effect mediated by the balance of pro-versus antiapoptotic members of the Bcl2 family. IL-7 induced synthesis of antiapoptotic Bcl2 (15) , whereas it blocked the proapoptotic proteins Bad and Bax by posttranslational mechanisms. IL-7 signals constrained Bax to the cytosol, stopping it from entering mitochondria and initiating apoptosis (13) . IL-7 signals induced phosphorylation of Bad (14; W. Q. Li et al., submitted for publication), inducing its binding to 14-3-3, which prevents it from translocating to mitochondrion and inactivating Bcl2. The importance of the balance of Bcl2/Bax in the IL-7 response has been demonstrated in vivo; these results show that the deficiency in T-cell development in IL-7R Ϫ/Ϫ mice can be rescued by overexpressing Bcl2 (1, 19) or deleting Bax (14) .
It has been reported that IL-7 stimulates several signaling molecules, including the Stats (38) , phosphatidylinositol 3-kinase (PI3K) (6, 7) , src family kinases (25, 34) , and Pyk2 (3). However, based on the phenotype of mice in which each of these candidate signaling molecules has been knocked out, no single one of these components can thus far be shown to be essential to the IL-7 signal; in contrast, IL-7R␣, ␥ c , and Jak3 must be critically required to initiate the signaling since mice with each individually knocked out show the thymic deficiency of IL-7 knockouts (reviewed by Jiang et al. [12a] ). Assuming that the next stage in signaling begins with proteins docking to the intracellular domain of the IL-7R␣ chain, as an initial step in identifying the signaling pathways that regulate the Bcl2 family, we focused on this intracellular domain. Deletion of various regions of the intracellular domain of the IL-7R␣ chain was performed, and the effects on the induction of Bcl2, Bax cytosolic retention, and Bad phosphorylation were examined. The results suggest that at least two distinct pathways, in ad-cells/well and incubated for various times. Eight microliters of MTT (3-[4,5-dimethylthiazol-2-yl]-2,5-diphenyltetrazolium bromide; 5 mg/ml; Sigma) was added, and cells were incubated for 4 to 6 h. Then 100 l of solubilization solution (Promega) was added, and cells were incubated overnight at 37°C. Plates were read by spectrophotometer at wavelengths 570 and 620 nm.
DNA content analysis. DNA content analysis was carried out according to the Telford procedure. Briefly, cells were resuspended in a detergent buffer. Then, an equal volume of detergent buffer containing 50 g of propidium iodide (PI; Sigma)/ml and 50 g of RNase (Puregene)/ml was added. Cells were mixed by inversion, incubated at room temperature in the dark for 1 h, and analyzed by using a FACscan flow cytometer.
RPAs. Total RNA was prepared with the TRIzol reagent (Invitrogen). The multiprobe RNase protection assay (RPA) (mAPO-2 template set) was performed by following the manufacturer's (Pharmingen) directions with modifications as previously described (14, 15) .
Mitochondrial protein preparation. D1 or mutant cells were first homogenized in isotonic buffer (200 mM mannitol, 70 mM sucrose, 1 mM EGTA, 10 mM HEPES, pH 6.9). Unbroken cells, nuclei, and heavy membranes were spun down at about 1,000 ϫ g and discarded. The mitochondrial fraction was produced by pelleting at 12,000 ϫ g for 20 min and washing the pellet once in isotonic buffer, followed by resuspension in radioimmunoprecipitation assay lysis buffer (1ϫ phosphate-buffered saline [PBS], 1% Nonidet P-40, 0.5% sodium deoxycholate, 0.1% sodium dodecyl sulfate, protease inhibitor mixture [Calbiochem]).
EMSA. Nuclear extracts were prepared as described previously (2) . Electrophoretic mobility shift assays (EMSA) were performed according to the Promega protocol. Briefly, a Stat5 consensus oligonucleotide (Santa Cruz Biotechnology) was end labeled with T4 polynucleotide kinase and purified with ProbeQuant G-50 microcolumns (Amersham Biosciences). The 32 P-labeled probe was incubated with 10 g of nuclear extracts on ice for 15 min. The reaction mixtures were resolved in a 5% native polyacrylamide gel electrophoresis (PAGE) gel, and specific protein complexes were detected by autoradiography. For competition experiments, a 100-fold molar excess of cold Stat5 or mutated Stat5 oligonucleotides (Santa Cruz Biotechnology) was included in the binding reaction mixture. For supershifting experiments, 1 l of Stat5 antibody (Santa Cruz Biotechnology) was included.
Western blotting. For Triton X-100 lysates, cells were lysed for 15 min on ice in a 1% Triton buffer containing 62.5 mM Tris-HCl, 10% glycerol, 50 mM dithiothreitol supplement with protease inhibitor mixtures (Calbiochem). Extracts were cleared by centrifugation at 14,000 ϫ g for 10 min at 4°C.
Triton X-100 lysates or nuclear extract proteins were resolved on a 12% PAGE gel (Invitrogen) by blotting with antibodies against phospho-Jak1 (Biosource), Jak1 (BD Biosciences), phospho-Bad (Ser112) (monoclonal; Cell Signaling), Bad (Calbiochem), phospho-Stat1 (Cell Signaling), phospho-Stat3 (Cell Signaling), phospho-Stat5 (Cell Signaling), Stat5 (Santa Cruz Biotechnology), ␤-actin (Sigma), and Flag (Stratagene).
For detection of mitochondrial protein, a rabbit polyclonal antibody specific for Bax (N20; Santa Cruz Biotechnology) and a hamster monoclonal antiserum against Bcl2 (PharMingen) were used, followed by the appropriate secondary antibodies conjugated to horseradish peroxidase (Santa Cruz Biotechnology), and then protein was revealed by a BM chemiluminescence blotting system (Roche).
Reconstitution of IL-7R
؊/؊ bone marrow stem cells using retroviruses. Retroviral plasmid construction was performed as follows. The coding sequence for the full-length mIL-7R was cloned into the pMIG vector, designated pMIG-mIL-7R(mWT). Different mutations were introduced into the mIL-7R intracellular domain by PCR strategies. All mutated genes were cloned into the pMIG vector and were verified by DNA sequencing. Different retroviral plasmids were transiently transfected into the Phoenix ecotropic packaging line, and the supernatants were collected.
As a control to show that all constructs were expressed on the cell surface, C1498 or BW5147 cells were infected with retrovirus supernatants for 24 h and stained with a tricolor-conjugated anti-mIL-7R antibody (eBioscience). Expression of mIL-7R and GFP was analyzed by a FACScan flow cytometer.
IL-7R Ϫ/Ϫ mice (B6.129S7-IL-7r tm1lm) and Rag1 Ϫ/Ϫ mice were purchased from the Jackson Laboratory (Bar Harbor, Maine) and maintained by homozygous breeding at the National Cancer Insitute-Frederick Cancer Research and Development Center animal facility.
Cycling bone marrow stem cells were enriched by injecting IL-7R Ϫ/Ϫ mice with 5-fluorouracil (150 mg/kg of body weight; Schein Pharmaceuticals) in Dulbecco's PBS 4 days prior to harvest of bone marrow from tibia and femur. Bone marrow was cultured (10 6 cells/ml) in X-vivo 10 medium (BioWhittaker) supplemented with 5% fetal calf serum, murine stem cell factor (SCF; 100 ng/ml), mIL-6 (50 ng/ ml), and Flt-3 ligand (100 ng/ml). After 48 h, bone marrow cells were infected overnight with different retroviral supernatants from the packaging line and then the infection was repeated after 72 h. On the fourth day, 2 ϫ 10 6 infected bone marrow cells were injected intravenously into Rag1 Ϫ/Ϫ recipients previously given 3 Gy of whole-body irradiation.
Four weeks after bone marrow reconstitution, mice were sacrificed and thymus and spleen cell suspensions were stained with PE-conjugated anti-CD4, CyChrome-conjugated anti-CD8, PE-conjugated anti-T-cell receptor ␥␦ (TCR-␥␦) and CyChrome-conjugated anti-TCR-␤ antibodies (PharMingen). Stained cells were analyzed on a FACScan flow cytometer.
RESULTS
Expression of chimeric receptors on D1 cells. The D1 thymocyte line requires IL-7 for survival and proliferation and therefore contains the signaling molecules downstream of mIL-7R. To identify functional regions of the intracellular domain of IL-7R␣, we could not simply introduce a mutated IL-7R␣ chain into the cell because its effects would be masked by the endogenous IL-7R␣ chain. We therefore used a strategy of coupling the intracellular domain of IL-7R␣ to the extracellular domain of hIL-4R␣. The parent murine D1 cell does not respond to Figure 1A is a summary of the chimeric receptor constructs, beginning with the wild type (WT). The mutations Y401F or Y449F represent a change of Tyr to Phe at these sites. Deletion constructs are shown for Box1 (aa 272 to 279) and the serinerich region (delSer; aa 359 to 394). Truncations of the C terminus were performed by deleting regions distal to aa 331 or 270. The pMIG retroviral vector (Fig. 1B) expresses a bicistronic mRNA corresponding to the genes for the chimeric receptor and GFP. Retrovirus containing the chimeric receptors were produced in packaging cell lines and used to infect D1 cells, establishing stable cell lines.
First, the surface expression of the chimeric receptor was evaluated to determine whether or not the protein was processed and displayed. Figure 1C shows two-color analysis for GFP on the x axis versus hIL-4R␣ on the y axis. WT showed substantial GFP and surface hIL-4R␣ expression. The expression levels of the different chimeric receptors were quite similar in all the mutant constructs except for that of del270-459, which was more highly expressed for unknown reasons, perhaps because shorter constructs are more abundantly expressed or because it affects internalization. Although del270-459 was more highly expressed, it did not signal, as will be shown; therefore, its higher expression did not affect interpretation of the results.
MTT analysis of cell survival and proliferation. MTT analysis (Fig. 2 ) was performed to measure the effect of mutation and deletion of the IL-7R␣ intracellular domain on viability and cell growth in response to hIL-4. Cells transfected with WT showed a response to hIL-4 that was equivalent to that to mIL-7, indicating that the chimeric construct functioned well in delivering a survival signal to the IL-7-dependent cell line. Upon stimulation with hIL-4, the delSer and Y401F mutants showed no defect compared to stimulation with mIL-7, indicating that these sites are dispensable. The Y449F, del331-459, delBox1, and del270-459 mutants failed to thrive. These results identify two small regions in the intracellular domain of IL-7R that are critical for proliferation and/or survival, Box 1 and Y449. We then analyzed the effect of deleting these two critical regions in more detail.
DNA content analysis. To distinguish the signal for cell proliferation from the signal for protection from apoptosis, we assayed DNA content (Fig. 3) . The vector control showed that hIL-4 failed to support survival of most cells which underwent apoptotic DNA fragmentation. WT transfectants showed that the chimeric receptor imparted a response to hIL-4 that was equivalent to the response to mIL-7, both in terms of inducing progression through S phase and G 2 /M, as well as in protection from apoptosis. delSer and Y401F mutants showed normal cell cycle and survival, consistent with the MTT analysis. del270bcl2 mRNA induction. Bcl2 is an important mediator of survival induced by IL-7R; therefore we examined which mutant constructs could induce bcl2 transcription. RPAs were performed to quantify bcl2 mRNA induction (Fig. 5) . WT showed strong bcl2 induction, and delSer did not reduce this induction. Deletion of Box1 or mutation of Y449 sharply curtailed the ability of the receptor to induce bcl2 synthesis. Combining this finding with the preceding analyses of survival and replication, the relationship of Box1 to Y449 could be that Box1 first binds Jak1 which then phosphorylates Y449, creating a docking site for signaling molecules that induce the bcl2 gene as well as inducing cell division. We then examined other responses to IL-7 to determine if all IL-7R signals required both Box1 and Y449.
Regulation of Bax distribution. Another important survival function of IL-7R is to inactivate the death protein Bax by retaining it in cytosol and blocking its mitochondrial translocation. To determine whether Box1 and Y449 were required for Bax cytosolic retention, transfected cells were cultured in hIL-4 for 8 h and mitochondrial protein was extracted. The mitochondrial Bax protein increased after IL-7 withdrawal (Fig. 6) , whereas WT transfectants stimulated with hIL-4 showed Bax cytosolic retention comparable to that for IL-7- (13) . These data suggest that Box1 and Y449 were both required for Bax cytosolic retention as well as for bcl2 induction and cell division. Regulation of Bad phosphorylation. Having shown that Box1 and Y449 were both involved in regulating two survival factors, Bcl2 and Bax, we then examined a third survival factor that is regulated by IL-7, Bad. During apoptosis, Bad translocates from cytosol to mitochondria, where it blocks the survival function of Bcl2. In the healthy cell, IL-7R induces Bad phosphorylation, which results in its cytosolic sequestration. Surprisingly, Bad phosphorylation required Box1 but not Y449. Thus, stimulation with hIL-4 for 4 h of WT and Y449F, del331-459, and delSer mutants showed strong Bad phosphorylation in each case, whereas delBox1 and del270-459 mutants showed no Bad phosphorylation (Fig. 7) . This suggested that Jak1, which binds to Box1, initiates two survival pathways, one via phosphorylation of Y449, regulating Bcl2 and Bax, and a second Y449-independent pathway leading to Bad phosphorylation. The concept that Box 1 controls two survival pathways and that Y449 controls one pathway could explain the preceding result (Fig. 3) that Box1 deletion caused death more rapidly than Y449 mutation. Thus Bad could accelerate cell death by neutralizing residual Bcl2 after it stops being synthesized following IL-7 withdrawal.
Stat activation in different mutants. We then examined whether the two critical IL-7R regions, Box1 and Y449, were involved in activating Stats. As shown in Fig. 8, Stat1 , -3, and -5 were all phosphorylated following hIL-4 stimulation through the chimeric WT receptor in D1 cells. Mutation of Y449 eliminated phosphorylation of Stat5 but not Stat1 and -3, whereas deletion of Box1 eliminated phosphorylation of all three Stats. Stat5 was then evaluated further, and we determined that, in addition to being phosphorylated following receptor activation (Fig. 9A) , it also translocated to the nucleus and bound DNA (Fig. 9B) . Controls verified that the DNA binding was specific, and assays with anti-Stat5 showed that the protein was bone fide Stat5.
Survival effect of active Stat5A in D1 cells. Since Y449 was required for induction of bcl2, survival, and the cell cycle and since Y449 also activated Stat5, we examined whether Stat5 mediated all the effects of Y449 by introducing a constitutively activated Stat5A into D1 cells. First we confirmed expression of the Flag-tagged active Stat5A construct (Fig. 10A) . Active Stat5A slowed the cell death process following IL-7 withdrawal by about a day but did not keep D1 cells alive indefinitely; in contrast, overexpression of Bcl2 maintains survival (without proliferation) of D1 cells indefinitely in the absence of IL-7 (W. Q. Li and S. K. Durum, unpublished data). Thus Stat5, although activated by IL-7R, does not account for all of the survival signaling, and there must be additional pathways. Since Y449 also regulated cell proliferation, in addition to survival, we examined the effect of the active Stat5A on the cell cycle. As shown in Fig. 10C , G 1 arrest occurred in Stat5A-transfected cells deprived of IL-7, indicating that Stat5 also cannot account for the proliferative effects of IL-7 emanating from Y449.
Up-regulation of Bcl2 by active Stat5A. Because active Stat5A prolonged D1 cell survival following IL-7 withdrawal, we examined whether active Stat5A increased the levels of bcl2 Figure 11A shows that, 4 h after IL-7 withdrawal, Bcl2 synthesis had already ceased in EGFP-expressing cells (although the Bcl2 protein is stable over 8 h). In Stat5A-expressing cells, bcl2 transcripts remained at 4 h but eventually declined. This suggests that active Stat5A could sustain bcl2 4 to 8 h longer than it was sustained in controls but could not replace IL-7, suggesting that it may amplify the activity of another IL-7-induced transcription factor on the bcl2 promoter. In EGFP-expressing cells, Bcl2 protein levels showed a pattern that paralleled that of mRNA although the decrease of protein was delayed several hours compared to the decrease of mRNA. In Stat5A cells, at the 24-h time point, the Bcl2 protein level only decreased slightly. Thus, the prolongation of survival by active Stat5 may due to the higher Bcl2 levels.
Reconstitution of IL-7R␣
؊/؊ T-cell development by IL-7R␣ constructs. Having identified Box1 and Y449 as critical in the IL-7-responsive cell line D1, we evaluated the effect of these regions in vivo on T-cell development. First, we showed that, in the hematopoietic cell lines C1498 and BW5147, different constructs expressed murine (rather than chimeric) IL-7R on the cell surface, correlating with GFP expression (Fig. 12A and B) .
IL-7R␣
Ϫ/Ϫ hematopoietic stem cells were then infected with retroviruses expressing mIL-7R constructs together with GFP. Figure 12C shows that transfection efficiencies for different receptor constructs are similar, except that for the vector control, which was typically somewhat higher.
Infected stem cells were used to reconstitute Rag1 Ϫ/Ϫ mice, and the development of T cells in thymus and spleen was evaluated 1 month later. As shown in Fig. 12D, 20 to 30 million GFP-positive cells were recovered from the thymus in murine WT, Y401F, and delSer groups, while about 2 million were recovered in the Y449F group and virtually no GFP-positive cells were recovered in other groups. The numbers of each subset in the thymus are shown in Fig. 12E . Development of the ␣␤ lineage showed a response proportional to that of the D1 cell, which could be interpreted as indicating that 90% was controlled by a Box1-Y449 pathway and that 10% was controlled by an additional Box1 pathway. A total of six experiments of this type have been performed with results similar to those shown. The development of the ␥␦ T-cell lineage appeared to be completely inhibited by Y449F in both spleen (Fig. 12F) and thymus (not shown). This could indicate that the proposed Box1-Y449 pathway is the exclusive pathway for ␥␦ cells, whereas ␣␤ cells also have a secondary pathway that leads from Box1. Alternatively, because the number of ␥␦ cells is normally much lower than the number of ␣␤ cells, the same secondary pathway may exist but the resulting ␥␦ cells were below the level of detection.
DISCUSSION
The IL-7R delivers critical signals for lymphocyte development and homeostasis. The current model of this antiapoptotic effect relates to the balance of Bad and Bax versus Bcl2 in mitochondria. In the presence of IL-7, Bcl2 is synthesized, Bax is constrained to cytosol, and Bad is inactivated. Following IL-7 withdrawal, Bcl2 synthesis ceases, Bax translocates to mitochondria, and Bad is dephosphorylated and binds to Bcl2, inactivating it. During the first several hours of IL-7 withdrawal, residual Bcl2 can still function and protect cells from Bax-induced damage. However, when the level of active Bad (1, 19) or deleting Bax (14) . Introducing activated Bad kills D1 cells, and this was countered by overexpressing Bcl2 (Li et al., submitted) .
To begin to identify the signaling pathways that connect the IL-7R with these apoptosis regulators, we sought to determine the critical regions of the intracellular domain of IL-7R␣ using the D1 thymocyte cell line, which depends on IL-7 for survival and proliferation. Two small regions of the intracellular domain of IL-7R␣ were shown to be critical, Box1 and Y449. The same two regions were also shown to be critical in vivo in thymocyte development, as examined by reconstitution of IL-
7R␣
Ϫ/Ϫ stem cells by retrovirus expressing various receptor constructs.
Based on our findings and that of others, we propose the model illustrated in Fig. 13 . IL-7 ligation brings together the intracellular domains of IL-7R␣ and -␥ c , bearing their associated kinases, Jak1 (associated with Box1) and Jak3, respectively. Jak1 and -3 mutually phosphorylate one another, increasing their kinase activities. Jak1 (or Jak3) then phosphorylates Y449, creating a docking site for a signaling cascade leading to bcl2 induction, Bax cytosolic retention, and cell cycling. Part of the signal from Y449 to bcl2 may be Stat5, but another signal from Y449 is also required to fully activate the bcl2 promoter and to induce cell division. Jak1 (or Jak3) also triggers a Y449-independent pathway leading to Bad phosphorylation, which also promotes cell survival. The Y449 path- way is necessary for most IL-7-induced effects, although our experiments have not proven that it is sufficient. One candidate for a Y449-induced pathway would be PI3K-AKT which is a well-known mediator of receptor signals for cell survival. In the IL-7 system, the PI3K pathway was previously observed to operate in B cells responding to IL-7R signaling and to depend on Y449 (40) . However PI3K does not appear to be critical for IL-7-induced survival of D1 cells since inhibitors of PI3K did not kill these cells or reduce bcl2 expression, nor did active AKT protect from IL-7 withdrawal (W. Q. Li et al., unpublished data). We have verified that AKT is activated by IL-7 in the D1 T-cell line, but, surprisingly, there was no difference in activation of AKT by chimeric receptors among the deletion mutants (data not shown). Since deletion of the entire intracellular domain of IL-7R␣ still retained AKT activation following ligand stimulation, perhaps in these cells the signal to activate PI3K-AKT comes from the ␥ c chain or possibly from some other receptor that is collaterally activated by the external or transmembrane regions of the IL-7R␣ chain. Taking this evidence together, the postulated survival pathway that emanates from Y449 does not appear to be the PI3K-AKT pathway.
Another candidate pathway emanating from Y449 is the Stat5 pathway, which has previously been implicated in IL-7R signaling (10) . However, knockout of the two isoforms of Stat5 did not produce a deficiency in thymic development (36) , indicating that Stat5 is dispensable for IL-7 signaling in vivo. Our findings confirm that Stat5 is activated by the IL-7R in D1 cells but that an activated Stat5 did not confer long-term survival in the absence of IL-7; moreover, a dominant negative Stat5, at least in experiments so far, has not shown an inhibitory effect on survival in the presence of IL-7. Activated Stat5 prolonged the life of D1 cells by a few days in the absence of IL-7 and appeared to sustain expression of bcl2 for about that length of time. The bcl2 promoter does not show an apparent Stat5 consensus binding site, so the effect of Stat5 on the bcl2 gene may be indirect; perhaps IL-7R first induces production of a transcription factor that in turn amplifies the action of other transcription factors that are essential to expression of the bcl2 gene. It is also possible that the stability of bcl2 transcripts is enhanced by a Stat5 signal.
Other Stats, in addition to Stat5, were activated by ligand stimulation of the IL-7R. However, both Stat1 and Stat3 were activated in the absence of Y449, indicating that this is not the docking site for their activation and showing that the significance of Y449 cannot be explained based on docking any of these Stats. Note that the activation of Stat1 and -3 occurs in the absence of any IL-7R␣ tyrosines. Unlike Stat5, which apparently docks to phosphorylated Y449 and becomes phosphorylated, Stat1 and -3 are phosphorylated without docking to the IL-7R␣ via its own phosphotyrosine. At this time, we do not know how (or if) these Stats associate with the receptor complex. Their phosphorylation requires Box1, which could indicate direct phosphorylation by a Jak or by a kinase down- To identify the critical signaling cascade from the IL-7 receptor, it will be helpful to identify Y449 as a critical residue regulating survival via Bcl2 synthesis and Bax cytosolic retention. Assuming that this residue is phosphorylated following IL-7 binding, future studies will be aimed at identifying the protein, distinct from Stat5, that binds this phosphotyrosine motif.
Several kinases have been proposed to phosphorylate Bad at Ser 112, including AKT, protein kinase A, and Rsk in some cell types (8, 12, 35) . However, we found that a PI3K inhibitor could not block Bad phosphorylation at Ser112 in D1 cells (Li et al., submitted). Studies are ongoing to identify the kinase related to the Box1 region which phosphorylates Bad at Ser112.
The development of ␥␦ T cells depends on the IL-7 pathway. Here we show that this development depends on the Box1-Y449 axis. A possible distinction from the ␣␤ T-cell pathway was observed in that, whereas the ␣␤ T-cell pathway could still develop to 10% of normal in the absence of Y449, the development or survival or both of ␥␦ T cells were completely blocked. This could indicate that IL-7 signals more than survival in the ␥␦ pathway and also gives a unique signal for ␥␦ T cells coming from Y449. This would be consistent with the ability of a bcl2 transgene to reconstitute ␣␤ T-cell development, but not ␥␦ T-cell development. FIG. 13 . Current model for IL-7R regulation of survival and proliferation. IL-7 binding to the receptor brings together the ␣ and ␥ c chains and their associated kinases, Jak1 (bound to Box1) and Jak3, respectively. The two kinases phosphorylate one another and increase their enzymatic activity. These kinases then phosphorylate Y449, which serves as a docking site for Stat5 and additional unknown proteins that are required for synthesis of Bcl2, cytosolic retention of Bax, and cell proliferation. A second pathway leads from Jak1 (independent of Y449) and induces phosphorylation of Bad, Stat1, and Stat3.
